Abstract-This paper assesses the impact of different spacing policies for Adaptive Cruise Control (ACC) systems on traffic and environment. The largest deal of existing studies focus on assessing the performance in terms of safety, while only few deal with the effect of ACC on the traffic flow and the environment. In particular, very little is know on traffic stability and energy consumption. In this study, the vehicles equipped with ACC are modelled and controlled by two different spacing policies. Besides, Human Driving Behavior (HDB) is modelled by using Gipps model for comparison and for simulating different penetration rates. As distinguished from other studies, vehicle dynamics and energy consumption of an electric car is formulated, which has completely different characteristics and limitations than combustion engine cars. Hence the study aims at providing additional understanding of how ACC-equipped electric vehicles will behave in dense traffic conditions. HDB and ACC vehicles are placed in a roundabout at different penetration rates. String stability and energy consumption are investigated by giving a shock wave to a stable traffic condition. It is found that ACC with quadratic spacing policy has significantly positive effects on string stability and energy consumption.
I. INTRODUCTION
As vehicle technology advances every day, the safety and comfort of passengers improve and the number of produced vehicles arises. However, traffic problems also emerge as one of the biggest issues of the century with increasing vehicle population. Even though vehicles are getting smarter with advancing technology, one simply cannot foresee the positive effects on traffic; to improve the current traffic situation, systematic and futuristic traffic control strategies are needed for intelligent vehicles. Therefore, researchers [1] , [2] are seeking solutions to achieve intelligent transportation systems, and they believe that improvements in the vehicle automation and communication systems can play an important role in addressing the issues of traffic.
These considerations have initiated much research into vehicle automation. The adaptive cruise control (ACC) system is one of the most commercialized ones and can change the dynamic of traffic significantly. ACC is an advanced cruise control system and compared to a conventional cruise system, which sets only cruising speed, it tries to maintain a desired speed and a desired following distance with a vehicle in front [3] . Such systems have been widely studied and different mathematical models have been developed according to their research purpose. However, only little research exist on the behaviour of electric vehicles, even though are seen as future of the transportation.
The first ACC systems were introduced to decrease the responsibility and stress on drivers so that they can focus on more important tasks like steering during the journey. In this way, the comfort and safety of the driving have been increased [4] . Moreover, researchers attach much importance to improving traffic by using ACC systems and proved that string stability and tighter spacing policy can be achieved by increasing the percentage of vehicles assisted by ACC in the traffic [1] , [2] , [5] , [6] , [7] . String stability and spacing policy are important to solve traffic problems. String stability is directly affected by applied spacing policies between vehicles, whereas unstable string behavior may cause traffic jams. Unstable string behavior can be observed without any cause such as an accident or a construction, basically it is caused by human driving behaviors in the traffic system [8] .
In this paper, a control law for an ACC system [9] with two different spacing policies is considered to evaluate the effects on traffic characteristics. The first spacing policy is linear, which is already developed and used for the chosen control law in some literatures [9] , [10] , and its string stability is proven after "the infimal time headway" value [11] . The second one is nonlinear with a quadratic term for vehicle speed whose parameters are optimized for traffic flow stability and string stability [12] . Besides, human driving behavior is considered in comparison with the ACC driving models. Human driving behavior is predicted by using the Gipps model [13] , and the parameters in the model are chosen according to the statistical study on a modified version of the Gipps model [14] , This paper mainly focuses on string stability and traffic flow capacity, yet the traffic flow stability, which is another phenomenon about traffic stability [15] , is not within the scope of this study.
The main objective of this work is to extend and evaluate the currently available understanding of the automotive control system's spacing policy. The selection of spacing policy has significant impacts on traffic performance regarding to traffic output, fuel/energy consumption, safety and so on. The need of such a study is notably stated before as a topic for future research [16] . For this purpose, quadratic spacing policy [12] is implemented in the chosen ACC model [9] and a proposed mathematical model for the application is explained in the next 'Control Algorithms' section. The application is modeled and simulated in a computer environment using Simulink (MathWorks) to evaluate the effects of the proposed model. The models (the current ACC, the proposed ACC and human driving behavior) are combined at different penetration rates in an assumed traffic situation, and their effects on string stability and traffic density are compared. In the 'Results & Discussion' section, the simulation results are presented to state the differences in the models. Moreover, this paper provides an understanding of electric vehicle's dynamics and energy consumption, and their cooperation with ACC systems is analysed. An ACC-equipped electric vehicle's dynamic behaviors and energy consumption are formulated and applied in the traffic simulation. In that, only little research exist on the behaviour of electric vehicles, even though they are seen as future of transportation.
In addition to trying to solve the congestion issues and increase the density of traffic, this paper considers the total energy consumption of traffic according to the aforementioned driving models on a microscopic scale. For the consumption calculation, each vehicle in the traffic simulation is considered simultaneously under assumed situations. To calculate the total energy consumption per vehicle, a consumption formula and vehicle dynamics are calibrated on a Smart Electric Drive(ED), Model 2012, which is already derived by the researchers at the University of Luxembourg [17] , [18] .
II. CONTROL ALGORITHMS
Various control laws exist for ACC-equipped vehicles, though they have the same objective, to maintain safety distance while aiming at keep speeds near the desired ones, there are some small but very important differences. These differences directly affect vehicle and traffic dynamics. In this study, an ACC control law, which was tested before on Nissan cars, is chosen to work on [9] . Compared to the others, this model is chosen because of lower fluctuation and calculation's simplicity. The model has two different modes (speed control and gap control), the appropriate one is chosen regarding the instant distance with the followed vehicle. Speed control is used when the gap with the followed vehicle is greater than 120 meters, and it switches to gap control when the gap is less than 100 meters. For the values between 100 meters and 120 meters, the former control strategy is maintained to avoid any uncertainty during the transition process.
Speed control:
Gap control:
where bound is defined as:
where v is the speed of the vehicle equipped with ACC, v d is desired speed given by the driver or the speed limit, v e is speed error, a sc is the acceleration in speed control mode, s is the distance between the vehicle equipped with ACC and the preceding vehicle, s e is the spacing error, s d is the desired distance and T d is the time headway value. Finally, a max and b max are the maximum acceleration and maximum deceleration which can be provided by the car. These values are modified according to the chosen vehicle's dynamic characteristics which is explained in detail in the 'Consumption Modelling and Vehicle Dynamics' section. The model has a linear spacing policy with a constant time headway parameter for the desired spacing gap calculation. For the linear spacing policy, string stability is proven after the critical time headway value of '1.47' [11] . In this study, a value above the critical value is chosen (10) .
Besides the linear spacing policy, a quadratic spacing policy is implemented in the model for the desired distance calculation. The applied nonlinear range policy [12] has proven string and traffic stability above the critical velocity value (13.4 m/s). Differences between policies can be seen in Fig. 1 .
Linear spacing policy:
Quadratic spacing policy:
The deficiencies of the linear policy, poor robustness against traffic fluctuations, are tried to be resolved by replacing it with a quadratic spacing policy. Besides, the lower range values, when the quadratic spacing policy is used, are expected to increase the traffic capacity. III. MODELLING HUMAN DRIVERS Although driving behavior differs from one driver to another, plenty of researchers attempt to derive a common model for car-following [13] , [19] , [20] . Gipps is one of the pioneers and had been able to identify and model this behavior realistically [13] , and other researchers modified the original model based on field optained car-following data [14] . In this study, the Gipps model is used to predict human behaviors in traffic. Parameters used for the model are chosen accordingly to the statistical distribution done for the modified Gipps model [14] , and they can be found in Table I . b value is chosen bigger than b n to propagate the disturbance and amplify the flow, as aim of human driving in this study is to model unstable human driving behavior and show how string stability can be achieved by penetration of ACC vehicles.
IV. CONSUMPTION MODELLING AND VEHICLE DYNAMICS The ACC systems generally have been designed based on vehicle in a line or platoon following with respect to preceding vehicles. The vehicle longitudinal dynamics has been extensively studied for decades and greatly improve our understanding of vehicle control. Relatively less research is however found on the behaviour of electric vehicles equipped with ACC. The Smart ED has power train includes a lithiumion battery as the energy source, an electric machine, a single ratio transmission, and power electrics. In this paper, a simplified longitudinal vehicle dynamics for the Smart ED, and its energy consumption are modelled in order to evaluated the ACC system.
The longitudinal vehicle dynamics can be described as the Newton's second law in one-dimensional mass point motion as follows:
where F trac is the traction force, F d is the aerodynamic drag resistance force, F r is the rolling resistance force, and M is the vehicle's equivalent mass. It is noteworthy that road grade is not considered in this study. The traction force is controlled by the ACC system which is the control input for electric motor. The aerodynamic drag force is the resistive reaction of the vehicle's motion with air. This force is formulated as a speed based function follows by:
where ρ is the air density, A f is the vehicle front area, C d is the aerodynamic drag coefficient. The rolling resistance results from the interactions between the tire and road surface. When the road angle is small, this force can be described in a simple form as
where μ is the rolling resistance coefficient, and g is the gravitational constant. The equivalent mass of the vehicle increases due to the angular momentums of rotational parts (for more details see [17] ). The traction power of the Smart ED is limited to its power train and brake systems. This limitation can be identified based on a Dynamo-meter test in order to measure the vehicle's traction force. The measurement data can help to describe the maximum and minimum limits of traction force mathematically as a speed related function as follows:
where a=4.0758, b=0.03043, c=2.182, d=0.2634, e=0.2368, and f =0.1372 are the numerical constants. The energy consumption of the vehicle is roughly affected by the driven speed and total forces acting on the vehicle. The deterministic approach to model the energy consumption of the electric vehicle can be a challenging task due to complexity of the energy path from the battery to tractive effort on the driven wheel associated with different road conditions. In this paper, however, the Dynamo-meter measurement from the energy consumption of the vehicle can be evaluated based on the traction force and speed characteristic map. Fig. 2 . shows the power consumption of the electric vehicle (for more details see [17] , [18] ). Hence, the power consumption, P , can be mathematically approximated as a bilinear relation of traction force and speed with 99.62% fitted regression line as follows: (16) where a=223.3, b=1.059, and c=0.8141 are the numerical constants. Note that the F trac is limited between −1000 (N ) and 3000 (N ) as well as that the speed v of the Smart ED is limited to 120 (km/h).
V. SIMULATION
To simulate traffic and assess its stability, 20 vehicles are simulated in a circle where each vehicle follows the one in front, including the first and the last car. Hereby, the simulation track is formed into a circular road, experiments involving vehicles driving along a circle are rather traditional since the well known experiment from [8] . The curvature of the road is not taken into account as steering is considered not affecting the longitudinal driving behaviour. The closed circle simulation scenario with an adequate number of cars is chosen to exhibit the dynamics of real-life dense highway traffic network, which may become unstable by a small disturbance. Each vehicle is equipped with one of the control models, human driving behavior (HDB) or ACC algorithm which uses one of the following policies, either linear or quadratic. Human drivers and ACC-equipped vehicles, which use the same spacing policy, are combined at different penetration rates (0%, 20%, 40%, 60%, 80%, 100%) to produce a realistic scenario which ACC and human drivers take place in the same traffic network. Each spacing policy is blended separately with HDB to exhibit the differences between them explicitly, especially to observe their compatibility at which penetration rate.
The simulation is started in a flowing traffic situation, each car has a speed of 90 km/h and cars are placed in a roundabout with the same spacing gap. The first car is commanded with 90 km/h for the first 70 seconds, and others are following it while they are allowed to increase their speed up to 110 km/h. It should be kept in mind that each control model has different following policy, especially human driving behavior has significantly shorter range behavior compared to ACC. This period is given to the vehicles to obtain the desired spacing gap and achieve a steady traffic flow situation. Thereby, the cars, which have a tighter spacing policy, can speed up for a while and decrease the initially given spacing gap. After obtaining the steady state flow, shockwave is applied to the leading car for 4 seconds at a rate of -2 m/s 2 , which decreases its speed to 68 km/h, then acceleration at a rate of 1 m/s 2 is given to reach the steady speed (90 km/h) again. In real life this shock affect can be caused any kind of sudden break, such as unexpected object in front of a car. Figure 3 shows three mere control models representing the position of the vehicles in time, starting from 50 th second to 150 th . Each line represents one car. The given shock wave at 70 th second affects drastically the vehicles controlled by Gipps model. Deceleration of the first car is followed by others increasingly and disturbance is propagated. As a result, the last car is stopped (Tab.II), it can also be seen in Fig. 3 the last car has zero slopes. Besides, a stop-and-go effect is also visible at Gipps model, a second shock wave is formed by itself around 90 th second because of the fact that the decreased space between the car in front and at the end as it stopped for a while.
VI. RESULTS & DISCUSSION
On the other hand, ACC-equipped vehicles perform a better reaction for the same shockwave and the disturbance is damped. A small change in the first cars' slope can be seen in Fig. 3 at 70 th second, which indicates the given shockwave, but the effect is absorbed by the following cars. Smoother traffic flow and less shock wave, which are the main constraints for string stability [21] , are achieved for both of the models. As a result of the shockwave, the 20 th car equipped with ACC with linear spacing policy decreased its speed to 82 km/h and the 20 th car equipped with ACC with the quadratic spacing policy decreased its speed only to 85 km/h (Table II and Fig. 4 ). The cars with quadratic spacing policy absorb the shockwave better than the cars with the linear spacing policy.
Traffic capacity is also increased with the quadratic spacing policy as expected. Higher intensity of the cars with the quadratic spacing policy can be seen in Fig. 3 , it has darker color compared to the linear policy because of higher concentration of the cars. The cars with the linear spacing policy have 37.5 m range gap with the car in front at the speed of 90 km/h whereas the cars with the quadratic spacing policy have 31 m range gap, which is almost 20% improvement. It increases traffic capacity at the same rate while improving the string stability. Three situations, which consist of mere control models, are displayed in Fig. 3 to observe distinctive differences between the models, yet traffic is composed of ACC and human drivers in real life. For this reason, ACC and HDB are combined at different penetration rates. The results of these simulations, the lowest speed of the last car in the circle after the shockwave, are shown in Table II . The results show that the last vehicles with the quadratic spacing policy slow down their speed less than the linear spacing policy, after the certain amount of ACC penetration in traffic (40%). This result verifies that the quadratic policy ensures smoother traffic flow and less shock wave which leads to better string stability characteristics.
As 40% penetration is the critical situation, its speedtime chart for each car represented by a line is given in Fig. 4 . The lowest speed of the first car (blue bold line) and the last car (red bold line) are equal to each other (68 km/h) at 40% penetration of the ACC with the quadratic spacing policy, which means 40% existence of the ACC can ensure string stability. Whereas the last car's speed has a significantly lower value (60 km/h) with the linear spacing policy at the same penetration rate. Formation of a small second shockwave is visible as well in Fig. 4 for the linear spacing policy, the first car (blue bold line) decelerates around 95 th second due to the fact that its reduced distance with the one at the tail. It may cause other shock waves or even a so called phantom traffic jam in highly dense traffic conditions. To provide the string stability higher amount of penetration is required for the linear spacing policy, such as 60% where the last car's speed (72 km/h) is higher than the first one. On the other hand at low penetration rates (20%) both policy have same lowest speed (28 km/h) and string stability is not preserved as HDB is dominant. Table III shows the percentage of energy saved by all cars in the simulations for the same travelled distance. Energy calculations are started from 70 th second to skip the initial speed-ups for reaching the desired range and finished as soon as the steady speed is obtained and same distance is travelled for all the models. Two mere ACC simulation's total energy consumptions are compared with the mere HDB simulation. Cars energy consumption is calculated individually and aggregated for the total consumption. The last ten cars total energy consumptions are also summed up and compared as it is easier to see the influence of the control laws on the cars behind. Both of the spacing policy saved a significant amount of energy as expected because of the achieved smooth traffic flow. The cars with the quadratic spacing policy spent a little less energy compared to the cars with the linear policy since speed is more stable. Even though the difference is little, it can save higher amounts at the continuously disturbed traffic conditions. Furthermore, shorter ranges obtained by quadratic spacing policy may decrease air drag, and reduce the consumption of vehicle [22] [23] .
In addition, ACC-equipped vehicles decrease the time travelled significantly. It is also observable in the third figure for the position, HDB travels less than ACC models for the same time interval. Numerically, the last car with ACC decreases time travelled 21.7% compared to HDB under the same mere penetration conditions as energy consumption. In conclusion, it is found that the quadratic policy has a small gain compared to the linear one in terms of energy consumption and time traveled, but increases significantly string stability and reduces the stop-and-go effect and traffic breakdown. The achieved improvements may become great solutions for today's traffic and environment problems, it can reduce traffic in highways and energy consumption of vehicles significantly. Further analysis of this experiment can be done by increasing the scale of the experiment set-up, i.e. number of vehicles, disturbance etc. or even a step further real life experiment can be done. It is worth to mention that though simulation is done in computer environment, HDB is modeled realistically by using real-life data, and the results of this study highly match with real life. As shockwaves causes higher fuel consumption, travel time and so on, their elimination from traffic prevents these negative effects. Traffic flow stability, another important criteria for traffic stability, can also be investigated for further applications, it requires different experiment set-up than string stability [15] .
VII. CONCLUSION
The ACC-equipped vehicles plays an important role to improve traffic and to reduce energy consumption and travel time. At a penetration rate of 100% both spacing policies not only prove string stability but also decrease the energy consumption and the time travelled enormously. In comparison with spacing policies, the quadratic one has generated smoother traffic flow compared to the linear, which assures better string stability and lower energy consumption. While having these positive effects, the quadratic one increased the traffic capacity compared to the linear as well. Each spacing policy's impact on string stability also investigated at different penetration rates by combining with HDB. In fact, it is found that the quadratic one is more compatible in mixed traffic situations.
Apart from the results, energy consumption and dynamics of an electric vehicle are explained, formulated and used for the simulation of this study. The formulations and explanations provide a database for prospective electric vehicle researches.
Future studies can cover possible improvements for flexible spacing policies to decrease the energy consumption by optimizing the speed according to changes on road such as curvatures, slopes and traffic lights etc.
Finally, a more advanced version of the ACC system is the cooperative adaptive cruise control (CACC), which also has a vehicle to vehicle communication system [4] . This can further be applied to the proposed ACC model in the paper. In this way, the model performance can be improved since there exists direct information exchange between the vehicles, yet it was not used in this paper to keep the technology as simple as possible to increase the usage of it.
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